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            Abstract
Natural products serve as chemical blueprints for most antibiotics in clinical use. The evolutionary process by which these molecules arise is inherently accompanied by the co-evolution of resistance mechanisms that shorten the clinical lifetime of any given class of antibiotics1. Virginiamycin acetyltransferase (Vat) enzymes are resistance proteins that provide protection against streptogramins2, potent antibiotics against Gram-positive bacteria that inhibit the bacterial ribosome3. Owing to the challenge of selectively modifying the chemically complex, 23-membered macrocyclic scaffold of group A streptogramins, analogues that overcome the resistance conferred by Vat enzymes have not been previously developed2. Here we report the design, synthesis, and antibacterial evaluation of group A streptogramin antibiotics with extensive structural variability. Using cryo-electron microscopy and forcefield-based refinement, we characterize the binding of eight analogues to the bacterial ribosome at high resolution, revealing binding interactions that extend into the peptidyl tRNA-binding site and towards synergistic binders that occupy the nascent peptide exit tunnel. One of these analogues has excellent activity against several streptogramin-resistant strains of Staphylococcus aureus, exhibits decreased rates of acetylation in vitro, and is effective at lowering bacterial load in a mouse model of infection. Our results demonstrate that the combination of rational design and modular chemical synthesis can revitalize classes of antibiotics that are limited by naturally arising resistance mechanisms.
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                    Fig. 1: Modular synthesis enables access to more than 60 fully synthetic group A streptogramins.[image: ]


Fig. 2: Antibiotic activity and in vivo efficacy of selected group A streptogramins.[image: ]


Fig. 3: In vitro acetylation, VatA binding, and ribosome binding of highly active analogues.[image: ]
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                Data availability

              
              Models and maps generated during this study are available in the EMDB and PDB (accessions are listed in Extended Data Tables 4 and 5). Source data are provided with this paper.

            

Code availability

              
              Forcefield-based refinement is available in PHENIX (versions 1.15 and later) using beta features available in Schrӧdinger 2019-3. Python code for analysing IVT data and VatA kinetics data are available on github: https://github.com/fraser-lab/streptogramin.
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Extended data figures and tables

Extended Data Fig. 1 Natural and semisynthetic streptogramins and their molecular mechanisms of action and resistance.
a, Selected natural and semisynthetic streptogramin analogues. Modifications installed by semisynthesis are highlighted in blue. b, 2.5-Å cryo-EM structure of VM2 bound to the 50S subunit of the E. coli ribosome. Coulomb potential density is contoured in dark blue at 4.0σ and light grey at 1.0σ. Atom colouring of VM2 mirrors the building blocks used in its synthesis (see Fig. 2). c, Binding interactions between VM2 and residues in the ribosomal binding site. d, X-ray crystal structure VM1 bound to the resistance protein VatA (PDB ID: 4HUS). e, Binding interactions between VM1 and VatA, highlighting the extensive hydrophobic interactions at C3–C6. Acetylation occurs at the C14 alcohol. f, g, Conformational energy of VM2 showing contributions on a per atom basis when refined with standard CIF-based restraints generated by ‘phenix.eLBOW’ (f) and when refined with OPLS3e/VSGB2.1 force field (g). Colour indicates low strain (green, −14 kcal mol−1) up to high strain (red, 10 kcal mol−1), with total conformational energy of 39.5 kcal mol−1 (f) and −88.3 (g). Hydrogens were added and optimized with fixed heavy atoms for the CIF-based refined conformation using ‘prepwizard’; the PHENIX-OPLS3e/VSGB2.1 refined conformation was taken as is. Energies were calculated using Prime and per atom contribution visualized using Maestro’s prime energy visualization.


Extended Data Fig. 2 List of streptogramins tested for inhibitory activity.
Fully synthetic group A streptogramins tested for inhibitory activity against 20 strains of bacteria (see Extended Data Figs. 3, 4).


Extended Data Fig. 3 Inhibitory activity against Gram-positive organisms.
MIC values for selected analogues against an expanded panel of Gram-positive pathogens.
Source data


Extended Data Fig. 4 Inhibitory activity against Gram-negative organisms.
MIC values for selected analogues against an expanded panel of Gram-negative pathogens.
Source data


Extended Data Fig. 5 Cryo-EM density for all compounds bound to the E. coli ribosome.
a, 2.6-Å cryo-EM structure of VM2 bound to the 50S subunit of the E. coli ribosome. Coulomb potential density is contoured in dark blue at 4.0σ and light grey at 1.0σ for the entire figure. b, 2.8-Å cryo-EM structure of 21 bound to the 50S subunit of the E. coli ribosome. c, 2.8-Å cryo-EM structure of 40e bound to the 50S subunit of the E. coli ribosome. d, 2.5-Å cryo-EM structure of 40o bound to the 50S subunit of the E. coli ribosome. e, 2.8-Å cryo-EM structure of 40q bound to the 50S subunit of the E. coli ribosome. f, 2.6-Å cryo-EM structure of 41q bound to the 50S subunit of the E. coli ribosome. g, 2.5-Å cryo-EM structure of 46 bound to the 50S subunit of the E. coli ribosome. h, 2.5-Å cryo-EM structure of 47 bound to the 50S subunit of the E. coli ribosome. i, 2.7-Å cryo-EM structure of 46/VS1 bound to the 50S subunit of the E. coli ribosome. j, 2.8-Å cryo-EM structure of 47/VS1 bound to the 50S subunit of the E. coli ribosome.


Extended Data Fig. 6 Gold standard and map to model Fourier shell correlation plots.
a–j, The particle Fourier shell correlation (FSC) curves for reconstructions obtained by cisTEM using a molecular mass of 1.8 MDa are shown in blue with unmasked map–model FSC curves obtained from ‘phenix.mtriage’ shown in orange. Dashed lines indicate FSC of 0.143 for estimating gold standard resolution and FSC of 0.5 for estimating map–model resolution.


Extended Data Fig. 7 Conformations of 46 and 47 in the ribosome and in VatA.
a, The conformation of 46 minimized by quantum mechanical methods in low dielectric, shows how the isoquinoline side chain packs over the macrocycle. b, By contrast, the ribosome-bound conformations of 46 determined by cryo-EM show that the side chain extends away from the macrocycle due to interactions formed in the binding site. c, Model of 47 in the conformation bound to the ribosome modelled into the active site of VatA (shown in surface). d, Model of 46 in the conformation bound to the ribosome modelled into the active site of VatA. e, Low energy model of 46 modelled into the active site of VatA. f, Overlay of VatA-bound (marine), ribosome-bound (violet), and ribosome with VS1-bound (light pink) conformations of 47. g, X-ray crystal structures of VM1 bound to VatA (PDB code 4HUS; 2.4 Å) and 46 bound to VatA at 2.8-Å resolution.


Extended Data Table 1 Ligand energies by different refinement schemesFull size table


Extended Data Table 2 Comparative energies of ligands bound to VatA and to the ribosomeFull size table


Extended Data Table 3 Statistical analyses of mouse thigh in vivo data, MIC assays and VatA kinetics dataFull size table


Extended Data Table 4 X-Ray data collection, processing, and model refinement statisticsFull size table


Extended Data Table 5 Cryo-EM data collection, processing, and model refinement statisticsFull size table
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